The corrosion diagnosis of grounding grid can locate the corroded branches and provide guidance for the maintenance and repair of the grounding grid. This paper proposed the electrical impedance tomography (EIT) method on the corrosion diagnosis of grounding grid and described how it works. Firstly, the inverse problem model of the electrical impedance tomography on grounding grid is developed. Secondly, in order to weaken the ill-posedness of the inverse problem, a Newton iterative algorithm with Tikhonov regularization is proposed to solve the problem. Then, due to the high resistivity contrast between the soli and steel and the large size of imaging region, this paper presents the method of soil-separation and block-diagnosis to accomplish these problems. Finally, field experiments were carried out to verify the effectiveness of the proposed method and the results show that the location and degree of the corrosion in the grounding grid can be easily judged from the imaging results.
Introduction
Grounding grid is an important part of electrical power system at substation for the discharge of dangerous current and safety of persons working at substation [1] . Grounding grid is vulnerable to corrosion due to working in moist underground environment for long time, which will weaken its ability of current-dispersing and voltage-sharing. Therefore, corrosion diagnosis on the grounding grid to locate the corrosion branch is essential to make some prevention and maintenance measures timely.
In China and some other developing countries, the grounding grid is usually made up of steel, so the corrosion state is more severe. Research on the grounding grid has received more attention in recent years. From the previous literatures, some of them focused on the optimal design and the safety performance analysis of the grounding grid [2] [3] [4] [5] [6] and others pay more attention to the corrosion diagnosis. As the grounding grid is buried under the ground, it is difficult to detect the corrosion directly. Therefore, some researchers devoted themselves on the corrosion diagnosis of the grounding grid with some non-contact methods. So far, the diagnosis methods mainly based on the electric network theory and electromagnetic field. The electric network theory method makes the grounding grid an equivalent resistor network and measures the potentials or the port resistance of the down-lead lines to calculate the branch resistance and then determine the corrosion state of grounding grid by comparing the value calculated with the initial design resistance of the grounding grid [7] [8] [9] . In the study so far, the diagnosis method based on electric network theory simply regard the branch as a resistor but do not consider the distributed parameter of the grounding grid, for example the resistivity, Energies 2018, 11, 1739 2 of 13 so this method can only locate which branch is eroded but cannot know the accurate corrosion point in the branch. On the other hand, the down-lead lines are not in the branch intersection nodes will have a great effect on the accuracy of the electrical network method. The method based on electromagnetic field through measuring and analyzing the surface magnetic field [10] or the transient magnetic field of grounding grid to judge the corrosion state of the grounding grid [11, 12] . In addition, Liu et al. [13] utilized the magnetic field above the grounding grid to reconstruct the resistivity distribution image to find the break-point of the branch. While, electromagnetic field methods can judge the break-point but insensitive to the corrosion and the electromagnetic environment in the substation is complicated, the measurements of magnetic data are vulnerable to the noise and usually inaccurate. Hence, it is very important and urgent to find another effective method to do the grounding grid corrosion diagnosis.
In this paper, a diagnosis method based on electrical impedance tomography is put forward. EIT is a noninvasive, inexpensive new imaging technology and it is normally applied in the medical field [14] [15] [16] . Due to the different resistivity between the corroded and the normal steel, the corrosion diagnosis of the grounding grid is potentially feasible through the resistivity distribution image obtained by EIT. Similar to the medical EIT, the grounding grid EIT implemented by injecting a current into the grounding grid and measuring the potentials of the down-lead lines and then use the data to reconstruct the resistivity distribution image. Based on the topology of grounding grid obtained by derivative method [17] or wavelet edge detection [18] , we proposed soil-separation and block-diagnosis methods to improve the diagnosis accuracy. Simulations and field experiment are carried out and the results show the corrosion degree and corrosion location in the branch of grounding grid can be achieved correctly.
Model and Algorithm
This section gives the model and algorithm of grounding grid EIT, including the comparison of physical model between the medical EIT and the grounding grid EIT and the mathematical reconstruction algorithm.
The Physical Model
The medical EIT technology can attain the resistivity distribution of the imaging region through the boundary potentials and then the imaging result will provide some medical information for the clinic. For the grounding grid, when the grounding grid branch is corroded, the resistivity of the corrosion will be higher than the normal steel. So, we can use EIT to locate the corrosion and judge the corrosion degree in the grounding grid.
Compared with the medical EIT, the EIT of the grounding grid is similar but different in a sense that for the medical EIT. In the medical EIT, the electrodes are on the boundary of the imaging region. However, in the grounding grid EIT, the grounding grid is buried underground, we make the down-lead lines as the electrodes to inject current and measure potentials. The down-lead lines are not on the boundary but in the region, so we call it inner-source EIT or improved EIT. On the other hand, the imaging region size of the grounding grid is much bigger than that of medical EIT and the differences in resistivity of soil and steel, we call it resistivity contrast, is great. In summary, a comparison of the field characteristics between the medical EIT and the grounding grid corrosion diagnosis is shown in Table 1 . From the differences compared above, the physical model of medical EIT and simplified grounding grid EIT can be described in Figure 1 as follows.
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The Forward Problem
The reconstruction algorithm of grounding grid EIT consists of forward problem and inverse problem. The forward problem of grounding grid EIT is to calculate the potentials of down-lead lines when the resistivity distribution of the grounding grid region is given and this process can be realized through the Finite Element Method (FEM) [19] .
When injected a DC in the grounding grid, according to the electromagnetic field theory, the potential distribution can be expressed as:
where  and  are the conductivity and potential of grounding grid field respectively.
And the boundary conditions are
where f is potential of the boundary,  is the boundary of  , j is the current density injected into the  , v is the outer normal vector of the  . The forward problem (1)-(3) can be solved with finite element method (FEM), after meshing and functional analysis, it derives =0 φ K (4) where  is the potentials of nodes and K is the coefficient matrix only related to coordinates and the resistivity of each element.
The boundary conditions for the (4) are applied as follows, assume that the inflow and outflow nodes of the current are respectively corresponding to the node m and node n of the finite element model and select the node l as the potential reference point, the injected current is I. Hence, we obtain 
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where ϕ is the potentials of nodes and K is the coefficient matrix only related to coordinates and the resistivity of each element. The boundary conditions for the (4) are applied as follows, assume that the inflow and outflow nodes of the current are respectively corresponding to the node m and node n of the finite element model and select the node l as the potential reference point, the injected current is I. Hence, we obtain
Energies 2018, 11, 1739 4 of 13 This is the FEM equation of the forward problem. By solving the (5), the potential of each node can be obtained, that is the solution to the forward problem.
The Inverse Problem
In the practical corrosion diagnosis of grounding grid, the resistivity distribution is unknown and we can only measure the injected current and the potentials on the down-lead lines. The goal of EIT is to reconstruct the resistivity distribution image by using these potentials and excitation current information, this process is opposite to the forward problem, so call it the inverse problem in the EIT.
In practice, it is almost impossible to obtain the exact solution of the inverse problem, namely, the exact solution ρ does not exist or is difficult to find. In order to find an approximate solution with engineering significance, the least square solution is used to approximate the true solution of the inverse problem. Therefore, the inverse problem is built to find the resistivity distribution to minimize the error between the calculated potentials and the measured data [20] . The mathematical equation can be expressed as follows:
where U ij (ρ) is the calculated potential by the forward problem, V ij is the measured potential, i and j is the measurement times and measurements in each time. The E(ρ) is a function of ρ, we call it error function. Formula (6) is a typical nonlinear optimal value problem and this paper uses the Newton iteration method to solve the problem, the iterative formula is derived as:
where J k is the Jacobi matrix of the node potential to the element resistivity. If the imaging region has u elements and n measurement potentials, the Jacobi matrix would be . . .
As the amount of measured data is much less than the number of elements, the J T k J k in (7) is a non-full rank matrix and its inverse matrix cannot be calculated directly, therefore the inverse problem is severely ill-posed.
In order to weaken the ill-posedness of the inverse problem, the Tikhonov regularization was applied to solve the inverse problem. It can solve the inverse problem stably through adding a penalty function to the objective function, the mathematical model is
where α is the regularization parameter selected by L-curve method [21] and L is the regularization matrix (identity matrix in this method). In the FEM model of EIT, the iterative formula of Newton iteration method with Tikhonov regularization can be derived from (9) as follows:
Through solving (10) with coding in the MATLAB (R2014a, Mathworks, Natick, MA, USA ), we can obtain the resistivity distribution and the image of the resistivity distribution can be achieved.
Corrosion Diagnosis Method

Potential Measurement
The excitation of grounding EIT is a DC source. In the potential measurement, to reduce the interference of power frequency leakage current in the grounding grid, we only extracting the DC component of the signal to filter the AC potential signal to reduce the noise. On the other hand, the amount of potentials on the down-lead lines is a significant factor affecting the imaging resolution (discussed in Section 4.2). In order to make full use of the down-lead lines to get information of the grounding grid, we use the cycle measurement [22] to get more node potentials. For example, for a grounding grid in Figure 2 , the process of cycle measurement by using a 16-channel potential acquisition device is as follows: choose two down-lead lines arbitrarily from the 16 down-lead lines as the current inflow point and outflow point, according to the tetrapolar measurement method, choose another down-lead line as the potential reference point and then we can measure the potentials of the remaining 13 down-lead lines. Change the inflow and outflow point of the current circularly, we can obtain another 13 potentials. Through the cycle measurement, except the potential reference point and the current drive points, the amount of the potentials would be 13C 2 16 = 1560. The cycle measurement increased the amount of data as well as the measuring efficiency.
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The Soil-Separation Method
For the grounding grid field, the soil resistivity (about 10 2 m   ) and the resistivity of grounding grid (about 10 −7 m   ) is high-contrast, hence the injected current is bounded into the branches. A simulation result in Figure 3 indicates this point. In the simulation model, we set the resistivity of the soil and the grounding grid is 10 2 m   and 10 −7 m   respectively and the injected current is 1 A.
From Figure 3 , the current that flows through in the soil is extremely low. So, we can conclude that the soil is an ideal insulator when the injected current is not big and it is reasonable to ignore the soil when performing the EIT on the grounding grid field. Therefore, we only need to consider the grounding grid as the target region of imaging to improve the resolution. 
For the grounding grid field, the soil resistivity (about 10 2 Ω · m) and the resistivity of grounding grid (about 10 −7 Ω · m) is high-contrast, hence the injected current is bounded into the branches. A simulation result in Figure 3 indicates this point. In the simulation model, we set the resistivity of the soil and the grounding grid is 10 2 Ω · m and 10 −7 Ω · m respectively and the injected current is 1 A.
From Figure 3 , the current that flows through in the soil is extremely low. So, we can conclude that the soil is an ideal insulator when the injected current is not big and it is reasonable to ignore the soil when performing the EIT on the grounding grid field. Therefore, we only need to consider the grounding grid as the target region of imaging to improve the resolution. As analyzed above, there is almost no current flows into the soil when the injected current is small. In addition, the objective of corrosion diagnosis on the grounding grid is to locate where the corroded steel is, so we do not pay attention to the soil. Due to the high contrast of the resistivity between the soil and the steel branches, in the grounding grid EIT, the potentials of the down-lead lines are extremely low-sensitive to the soil, which would increase the condition number of the Jacobi matrix and aggravate the ill-posedness of the inverse problem. Therefore, this paper proposes the method to separate the grounding grid from the soil and only perform the EIT on the grounding grid branch to improve the resolution of the resistivity distribution imaging.
A simulation experiment on the 2 2  grounding grid block was conducted to compare the EIT results of the soil-separation method with the method taking the soil into account. One corrosion fault was set in the branch, the mesh of FEM model and imaging results about the normalized resistivity distribution are shown in Figures 4 and 5 . From the results, the corrosion fault can be judged in both two images but the location and size of the corrosion in the image with the soil is not clear and its resolution is also lower than the image without soil.
With soil
Without soil As analyzed above, there is almost no current flows into the soil when the injected current is small. In addition, the objective of corrosion diagnosis on the grounding grid is to locate where the corroded steel is, so we do not pay attention to the soil. Due to the high contrast of the resistivity between the soil and the steel branches, in the grounding grid EIT, the potentials of the down-lead lines are extremely low-sensitive to the soil, which would increase the condition number of the Jacobi matrix and aggravate the ill-posedness of the inverse problem. Therefore, this paper proposes the method to separate the grounding grid from the soil and only perform the EIT on the grounding grid branch to improve the resolution of the resistivity distribution imaging.
A simulation experiment on the 2 × 2 grounding grid block was conducted to compare the EIT results of the soil-separation method with the method taking the soil into account. One corrosion fault was set in the branch, the mesh of FEM model and imaging results about the normalized resistivity distribution are shown in Figures 4 and 5 . From the results, the corrosion fault can be judged in both two images but the location and size of the corrosion in the image with the soil is not clear and its resolution is also lower than the image without soil. As analyzed above, there is almost no current flows into the soil when the injected current is small. In addition, the objective of corrosion diagnosis on the grounding grid is to locate where the corroded steel is, so we do not pay attention to the soil. Due to the high contrast of the resistivity between the soil and the steel branches, in the grounding grid EIT, the potentials of the down-lead lines are extremely low-sensitive to the soil, which would increase the condition number of the Jacobi matrix and aggravate the ill-posedness of the inverse problem. Therefore, this paper proposes the method to separate the grounding grid from the soil and only perform the EIT on the grounding grid branch to improve the resolution of the resistivity distribution imaging.
Without soil 
The Block-Diagnosis Method
Due to the size of grounding grid region is very big, if we reconstruct the resistivity distribution in one image, which would worsen the resolution of the image as well as increase the computational cost. So, we divided the whole grounding grid into many basic blocks and performed the imaging of each block. Actually, we can only diagnose the grounding grid blocks under and near some important equipment to improve the diagnosis efficiency. While in a large grounding grid, when we injected a current into the block, shown in Figure 6 , a part of the current will flow through the grounding grid outside the block. According to the principle of minimum energy in the electrical network, only a little current will flow outside the block, which will have a slight effect on the boundary potentials. To verify this point, in the forward problem solved by FEM, we compared the potentials on the down-lead lines of the block only and with considering the outside grounding grid. From the calculation results, there are relatively large errors on the current inflow and outflow points. In order to reduce the slight effect on the boundary potentials to improve the imaging accuracy, we remove the potentials on the current inflow and outflow down-lead lines in the inverse problem calculation process.
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Simulation Discussion
In order to cover different situations of the corroded grounding grid, we discuss different conditions or factors which may have influence on the EIT results. In the following discussion, the size of each grid of the grounding grid block is 1 m × 1 m and the width of the steel is still 5 cm and the injected current is 1 A. In addition, all the imaging results are about the normalized resistivity distribution.
Different Shape of the Grounding Grid Block
The grounding grid can not only be divided into many 2 × 2 blocks but also some other different shapes. In order to consider more complex occasions, the same simulations were performed on the L-shape and U-shape grounding grid block, each block is set with one or two corrosion faults. Moreover, the resistivity contrast between the corrosion and the steel is set as 5:1. The Figure 8 describes imaging results as follows. From the imaging results, no matter where the corrosion fault is, the location and size of the corrosion fault in the grounding gird are in a good agreement with the corrosion-setting.
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The grounding grid can not only be divided into many 2 2  blocks but also some other different shapes. In order to consider more complex occasions, the same simulations were performed on the L-shape and U-shape grounding grid block, each block is set with one or two corrosion faults. Moreover, the resistivity contrast between the corrosion and the steel is set as 5:1. The Figure 8 describes imaging results as follows. From the simulation results, it is found that the corrosion fault of the grounding grid can be accurately diagnosed by EIT and the image is straightforward to judge the location of the corrosion, which is not depended on the shape of the grounding grid block. Although there are some artefacts in the images for the two faults diagnosis, the result is still can locate the corrosion, it is significant for the engineering.
The Amount of the Measurements
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According to the algorithm of the EIT, the elements in the FEM model are always more than the number of the potentials measurements, so the inverse problem is undetermined. When the amount of data is scarce, the imaging results maybe low-resolution, even cannot obtain a right imaging. We take a 3 × 1 block for example to study the relationship between the amount of the measurements and the resolution of the image. 
Different Corrosion Degrees
When the grounding grid is corroded severely, it will cause a break-point. To verify whether the imaging results can correctly reflect the different degrees of the corrosion, some simulation experiments were conducted. Through setting different resistivity contrast to simulate different corrosion degrees. Four cases are considered in the 2 2  block as follows, Case 1: one corrosion fault, the resistivity contrast is 3:1; Case 2: one corrosion fault, the resistivity contrast is 10:1; Case 3: one corrosion fault, the resistivity contrast is 50:1; Case 4: one corrosion fault, the resistivity contrast is 10 6 :1
The case 4 is to simulate the break-point.
The simulation results about the above cases are shown in Figure 10 . 
When the grounding grid is corroded severely, it will cause a break-point. To verify whether the imaging results can correctly reflect the different degrees of the corrosion, some simulation experiments were conducted. Through setting different resistivity contrast to simulate different corrosion degrees. Four cases are considered in the 2 × 2 block as follows, Case 1: one corrosion fault, the resistivity contrast is 3:1; Case 2: one corrosion fault, the resistivity contrast is 10:1; Case 3: one corrosion fault, the resistivity contrast is 50:1; Case 4: one corrosion fault, the resistivity contrast is 10 6 :1
The case 4 is to simulate the break-point. The simulation results about the above cases are shown in Figure 10 . Assume there is one corrosion in the branch, whose resistivity is 5 times of the normal steel. The 3 1  block has 8 nodes, we conducted three different imaging cases by using 8, 6, 4 nodes to acquire the potential data, the nodes chosen in each case is as follows
According to the cycle measurement introduced in Section 3.1, the number of measurements in each case is 140, 45, 6. The corresponding imaging results are presented in Figure 9 . Along with the decrease of measurements, the resolution of the image gets worse and it becomes difficult to judge the corrosion. When there are only 4 nodes for measuring the data, the resistivity distribution cannot be reconstructed successfully. Therefore, in the actual diagnosis, we should use cycle measurement and interpolation to get as more data as possible. 
The simulation results about the above cases are shown in Figure 10 . In the resistivity distribution image obtained by the EIT, different shades of color reflected different degrees of corrosion, when the corrosion is becoming more serious, the red part in the image is becoming darker, which are agree with the different resistivity contrasts. When there is a break-point in the branch, the current will not flow in this branch, so the whole branch will be regarded as severe corrosion in the imaging result, just like the (d) in Figure 10 .
Experimental Analysis
In order to verify the feasibility and correctness of the EIT on actual the grounding grid, a downscaled model grounding grid experiment and the field experiment were carried out in this paper.
Laboratory Experiment
The size of each grid in the actual grounding grid is about 5 m × 5 m, the width and thickness of each branch is about 5 cm and 6 mm. In the laboratory experiment, the scale between the actual and the downscaled simulated grounding grid is about 5:1 and the material used to build the model grounding grid is the same as the actual grounding grid. In the experiment, the current source is DC 6 A and the potentials are measured with the high-precision multimeter FLUKE 8845A. (8845A, Fluke Corporation, Washington, USA) The experiment picture and the diagram of the model are shown in Figure 11 .
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Field Experiment
A 220 kV substation in the southeast China was selected to do the corrosion diagnosis experiment with EIT. The structure of this substation is shown in Figure 13 . In the field experiment, the 16-channel potential acquisition instrument is used to measure the potentials. We focus on two blocks (shown in Figure 13 ) in the ground grid and use EIT to reconstruct the resistivity distribution. The experimental picture and imaging results are shown in Figure 14 . In the imaging results about the resistivity distribution, a few parts of the branches have been corroded. The corrosion in the block 2 is more serious and the intersection point of the branch is more prone to corrosion in both two blocks. The reason maybe that there is a greater leakage current from the equipment in the center of the grounding grid and cause more serious electrochemical corrosion. We dug half of the right branch of the block 2 and found one corrosion in the branch, which reaches a good agreement with the imaging result. 
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A 220 kV substation in the southeast China was selected to do the corrosion diagnosis experiment with EIT. The structure of this substation is shown in Figure 13 . In the field experiment, the 16-channel potential acquisition instrument is used to measure the potentials. We focus on two blocks (shown in Figure 13 ) in the ground grid and use EIT to reconstruct the resistivity distribution. The experimental picture and imaging results are shown in Figure 14 . In the imaging results about the resistivity distribution, a few parts of the branches have been corroded. The corrosion in the block 2 is more serious and the intersection point of the branch is more prone to corrosion in both two blocks. The reason maybe that there is a greater leakage current from the equipment in the center of the grounding grid and cause more serious electrochemical corrosion. We dug half of the right branch of the block 2 and found one corrosion in the branch, which reaches a good agreement with the imaging result. In the field experiment, the 16-channel potential acquisition instrument is used to measure the potentials. We focus on two blocks (shown in Figure 13 ) in the ground grid and use EIT to reconstruct the resistivity distribution. The experimental picture and imaging results are shown in Figure 14 . In the imaging results about the resistivity distribution, a few parts of the branches have been corroded. The corrosion in the block 2 is more serious and the intersection point of the branch is more prone to corrosion in both two blocks. The reason maybe that there is a greater leakage current from the equipment in the center of the grounding grid and cause more serious electrochemical corrosion. We dug half of the right branch of the block 2 and found one corrosion in the branch, which reaches a good agreement with the imaging result. Therefore, form the experiments above, the correctness and feasibility of grounding grid EIT are verified, it can be used to do the corrosion detection in the substation.
Conclusions
In this paper, a method of grounding grid corrosion diagnosis is put forward based on the electrical impedance tomography technique, which focus on the distribution parameter, resistivity of grounding grid branch but not the resistor value of the branch, so it can locate the accurate corrosion point in the branch. The theoretical analysis and experiments verified that the method can locate the corrosion faults of the grounding grid clearly and accurately. Through the resistivity distribution imaging, the location and the corrosion degree can be judged clearly. The soil-separation and blockdiagnosis methods can improve the resolution and imaging efficiency. In the present work, the sufficient measurements and the construction structure are the important factors affecting the imaging resolution, so in our further work, we will mainly focus on the data interpolation method and image processing method to improve the imaging resolution. Therefore, form the experiments above, the correctness and feasibility of grounding grid EIT are verified, it can be used to do the corrosion detection in the substation.
In this paper, a method of grounding grid corrosion diagnosis is put forward based on the electrical impedance tomography technique, which focus on the distribution parameter, resistivity of grounding grid branch but not the resistor value of the branch, so it can locate the accurate corrosion point in the branch. The theoretical analysis and experiments verified that the method can locate the corrosion faults of the grounding grid clearly and accurately. Through the resistivity distribution imaging, the location and the corrosion degree can be judged clearly. The soil-separation and block-diagnosis methods can improve the resolution and imaging efficiency. In the present work, the sufficient measurements and the construction structure are the important factors affecting the imaging resolution, so in our further work, we will mainly focus on the data interpolation method and image processing method to improve the imaging resolution.
